Abstract-For many years, radiographs have been a valuable aid in the diagnosis of periodontal disease and the evaluation of treatment effects. Computer-based image acquisition and processing techniques will now further increase the importance of radiography in periodontal diagnosis. Temporal changes of lesions can be made easily visible by means of subtraction radiography based on digital images. This process requires a pair of images with identical gray-level distributions and projection geometry. The gray-level distribution and perspective projection of images can be corrected by means of digital image processing. A pair of identical images can thus be obtained without mechanical alignment of patient, film, and x-ray source. Algorithms have been developed for automatical determination of the borders of lesions and can subsequently produce quantitative information ranging from simple distance measurements to advanced multidimensional quantitation of image parameters. Accurate volume measurements can be carried out by the utilization of calibration wedges in the image.
T he diagnosis of periodontal disease is greatly facilitated by the use of radiographs. Radiographs are helpful in the assessment of treatment effects and the prognosis of disease progress. Radiographs are considered a valuable adjunct to the clinical examination, because essential information is provided about the bony tissues covered by the gingiva that cannot be diagnosed by clinical inspection alone.
Radiographic image formation is based on the principle of projecting a three-dimensional object onto a two-dimensional image plane, and therefore this technique also has limitations. The radiographic image, in principle, lacks information about the third dimension, at least in a way that is easily perceptible by the human visual system. The radiographic image gives spatial information about the object in the x and y directions only, i.e., in the plane perpendicular to the direction of the xray beam. Consequently, a single radiograph is inappropriate for obtaining information about this third dimension. More projections are needed for this purpose.
Due to these characteristics of radiographic image formation, the orientation of the x-ray beam toward the object is a factor that is very important for the resulting x-ray view. A different orientation of the projection results in a different image, which in its turn may affect the interpretation and diagnosis based on that radiograph. It is for that reason that standardization and reproducibility are essential requirements for the reliability of the diagnosis.
It is obvious that radiographs are indispensable for the diagnosis of periodontal disease, but on the other hand there are severe limitations in their abilities to provide information about the spatial relationship of anatomical and pathological entities in the direction parallel to the x-ray beam. The evolution of digital radiography will reduce the drawbacks of radiographic image formation as described in the previous paragraphs. Electronic intra-oral image receptors are now commercially available for dental applications, and the use of all-digital radiographic procedures is possible on a routine base. This paper describes some procedures that are now available, and explores some future trends in computer-based radiodiagnosis of periodontal disease.
DIAGNOSTIC REQUIREMENTS
In order to be useful for the purpose of diagnosis, radiographs have to satisfy the requirements of standardization and reproducibility. The ideal radiographic procedure should also facilitate the collection of quantitative data with regard to the condition of (potential) lesion areas and should provide sufficient information about the shape and the extension of the lesion in three dimensions. These requirements are even more important in the radiographic diagnosis of periodontal disease. The progress of disease symptoms is relatively slow, so the Fig. 1 difference between subsequent radiographic views can be extremely small. The shape of a periodontal lesion in a radiograph is dependent, to a large degree, on the orientation of the radiographic projection. Comparison of radiographs taken with a time interval is possible only when the projection geometry is identical.
Standardization of projection geometry is required to produce radiographic images that can be compared with 'normals'. The clinician is not able to make a reliable diagnosis unless he can compare the radiograph of a particular patient with the normal and abnormal reference images he has in his mind. Therefore, the use of film-positioning devices and the paralleling technique is strongly recommended for high-quality images to be obtained.
It must be emphasized that film developing is an important factor in standardization. A careless developing procedure can interfere with the detection of small or ill-defined lesions.
Reproducibility is required for reliable comparisons of radiographs taken at sequential time intervals. In most cases, this is done by connecting the x-ray machine, the patient, and the film mechanically and sometimes by using film holders provided with individual bite blocks in order to establish the exact position of the film for each examination (Duckworth et ai, 1983) . It is clear that even subtle changes in the occlusal surfaces of teeth-when, for instance, new restorations have been made-will reduce the quality of this procedure. Jeffcoat et al. (1987) used cephalostats to overcome this problem. They report an angular disparity between repositionings of the patients within the cephalostat of as low as 0.33 ±0.1°.
The human visual system is very skillful in recognizing global structures, but not in detecting small details. It is impossible for the clinician to make a very accurate estimation of the absolute amount of bone loss. Other means are needed for the quantification of bone loss or the assessment of treatment effects when successive radiographs are compared (Hildebolt et ai, 1991) . The extraction of quantitative information from the radiographs will facilitate a reliable comparison.
In addition to this, methods are needed that will provide information for the clinician about the missing third dimension (parallel to the x-ray beam) as well. These methods will give either sectional views of the object or real three-dimensional representations.
SUBTRACTION RADIOGRAPHY
Subtraction radiography can be used to visualize small differences of bone density and bone volume over time Okano et al, 1990) . Fig. 1 demonstrates this technique. The development of subtraction radiography has been greatly facilitated by the availability of digital imaging techniques .
For subtraction radiography, the requirements of standardization and reproducibility are even stronger than in conventional visual interpretation of radiographic images. The projection geometries of the two radiographs that form the pair of images used for the subtraction process in the computer need to be identical. Otherwise, the results will display the difference in registration, and this will hide the changes due to the disease process. Digital subtraction radiography requires reproducibility of the projection geometry within an angle of 2 or 3 degrees (Grondahl et al., 1984) . Mechanical devices have been used to maintain correct repositioning of films over time, but these methods are rather cumbersome and not useful for routine applications.
Methods have been developed aiming at the reconstruction of images that have an arbitrary projection geometry into the projection geometry of a reference image ; Van der Stelt era/., 1989; Dunn and Van der Stelt, 1992). The result of the reconstruction is a pair of images with the identical projection geometries, as required for subtraction radiography. These methods eliminate the need for mechanical connection of x-ray source, patient, and film (Yen et al., 1990) . Dunn and Van der Stelt (1992) report that reliable measurements can be made in dental radiographs with up to 16 mm translation errors and angulation errors of up to 32°. They consider this a promising approach for creating useful image pairs for subtraction radiography.
Even when the selection of exposure time and the development of the film are performed very carefully, small fluctuations of the optical densities of sets of films are sometimes unavoidable over a longer period of time. Small differences of the gray-level distribution in a pair of images can be corrected by digital image processing. and Ohki et al. (1988) describe software-based methods to correct the gray-level distribution of one image according to the distribution of another image. This so-called "digital gamma correction" is a convenient method for correcting the problem of different exposure conditions in apairof subtraction images. Application of this procedure, in many cases, is a prerequisite for doing reliable measurements on subtraction images.
QUANTITATIVE AND COMPUTER-AIDED INTERPRETATION
Changes of bone density can be measured by means of computeraided procedures. By use of a calibration wedge with known radiation attenuation properties, the measurements of density differences can be converted into estimations of volume A n :' \ •, 1 changes. Aluminum or hydroxyapatite is often used because of its similarity to bone in terms of radiation attenuation characteristics. In vitro studies have shown agreement within 10% between digital volume calculations and determination of the lesion size by weight (Ruttimann et al., 1985) . Bragger et al. (1988) report a sensitivity of 82%, a specificity of 88%, and a diagnostic accuracy of 87% for a system measuring surgicallyinduced bone loss in humans. The results of this technique were significantly better than those obtained through visual examinations of the radiographs by a group of experienced periodontists. When the features of anatomical details and abnormalities as they are depicted on radiographic images can be expressed mathematically, then computer algorithms can be developed to interpret radiographs automatically (Ruttimann et al., 1985; Van der Stelt et al., 1985; Benn, 1991) . A computerized procedure has been reported to describe the shapes and sizes of angular periodontal lesions (Fig. 2) . When applied to series of radiographs taken over a certain period of time, this method can be used to follow the effects of clinical intervention, e.g., in patients treated for juvenile periodontitis. These types of computer-aided procedures can be a great adjuvant to clinical decision-making. They add objective information to the clinical assessment of the patient (Van der Stelt and Geraets, 1991).
THREE-DIMENSIONAL IMAGING
The local contrast in a radiographic image is the result of spatial attenuation differences of the x-rays passing through the object. Differences are caused by different materials (soft tissue, bone, etc.) and by different path lengths (e.g., thick bone layers vs. thin bone layers). The effect of both causes is the same; in many cases, it is not possible to distinguish, merely by the radiographic density, between different materials ordifferent dimensions of structures in the object. When thin layers of an object are visualized, this problem is much less important, because the effective path length through the object is reduced, and local contrast is more likely the result of different materials, corresponding to different anatomical structures.
Tomosynthesis is a software-based 3 reconstruction method to produce thin layers or slices of dental structures Ruttimann et al., 1983) . The method is not yet useful under clinical circumstances, because the basis projections need to be taken according to a very strict imaging geometry (Groenhuis et al., 1984) . It is beyond doubt, however, that new hardware and software solutions will be available in the near future to establish more conveniently the registration of the basis projections and make this method feasible for clinical use (Van der Stelt et al., 1989) (Fig. 3) . 
THE FUTURE
The progress of computer technology is very fast. It seems therefore precarious to predict the role of digital image processing in dental radiology in the distant future. Some trends, however, may be indicative of the way dental radiography will be practiced in the near future. These trends are:
• automated interpretation of radiographic images to improve the objectivity of the diagnosis; • development of quantitative procedures to support the diagnosis of lesion progress over time; • advanced procedures for the reconstruction of radiographic images to obtain standardized and three-dimensional views.
The infrastructure for high-speed transmission of large data sets, like images, will be available in many geographic areas, thus enabling dentists to exchange images, to consult experts immediately, and to use knowledge bases as an aid to diagnostic problem-solving (Stheeman et al., 1992) . It is evident that the diagnosis of periodontal disease will benefit from these developments. The difficulties of visualizing the buccal and lingual plates of the alveolar process without superimposition of tooth structures will be overcome. The shapes and sizes of angular bone lesions can be judged from their three-dimensional reconstruction. Subtraction radiography for longitudinal evaluation of treatment effects can be performed on a routine basis, without the need of meticulous fixation of the patient, the x-ray source, and the image plane during the exposure.
However, notwithstanding the development of all these new and promising technologies, new procedures must demonstrate their effectiveness and reasonable cost/benefit characteristics in extensive clinical trials (Goin and Hermann, 1991) . Deas et al. (1991) compared probing attachment loss with digital radiographic density measurements. They found more bone loss with the digital method; in their conclusions, however, they point out that the digital method may produce more positives due to the increased sensitivity as compared with conventional (non-digital) measuring methods that have as-yet-undetermined clinical significance. Specificity, sensitivity, and other parameters of diagnostic performance must be determined and carefully evaluated before new technologies can be fully introduced in radiodiagnosis and eventually replace existing diagnostic tests.
